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Abstract: Batch studies are used to benchmark biohydrogen potential (BHP) 
and biomethane potential (BMP) yields from feed substrates, digestates 
residues and different process configurations. This study shows that BMP 
yields using cellulose can be biased positively by not diluting the 
initial sewage sludge inoculum and the bias is independent of starting 
inoculum volatile solids (VS) concentration. The carryover of BHP 
inoculum also increased the BMP yields when using cellulose as a 
substrate by up to 18.8%. Furthermore it was also observed that the 
dilution of BMP inoculum with deionised H2O reduced methane yields from 
cellulose by up to 132 ± 26 NmL-CH4 g-VS-1. Therefore it is proposed that 
inoculum and standard substrate controls (as used in this study) should 
be included in methane batch methodologies, particularly when using a 
pre-fermentation stage such as dark fermentation. 
 
 
 
 
HIGHLIGHTS  
 
Total methane yield from cellulose was influenced by the inoculum volume. 
Diluted inoculum led to decreased methane yields from cellulose standards. 
Inoculum volume influences batch comparisons of single and two stage biogas yields. 
Inoculum carryover from pre-fermentation raised batch methane yields from cellulose. 
Batch methane yields should include substrate control values for different inoculums. 

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Abstract 
Batch studies are used to benchmark biohydrogen potential (BHP) and biomethane 
potential (BMP) yields from feed substrates, digestates residues and different process 
configurations. This study shows that BMP yields using cellulose can be biased 
positively by not diluting the initial sewage sludge inoculum and the bias is independent 
of starting inoculum volatile solids (VS) concentration. The carryover of BHP inoculum 
also increased the BMP yields when using cellulose as a substrate by up to 18.8%. 
Furthermore it was also observed that the dilution of BMP inoculum with deionised 
H2O reduced methane yields from cellulose by up to 132 ± 26 NmL-CH4 g-VS-1. 
Therefore it is proposed that inoculum and standard substrate controls (as used in this 
study) should be included in methane batch methodologies, particularly when using a 
pre-fermentation stage such as dark fermentation. 


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1. Introduction  
During anaerobic digestion, microbes are able to convert a wide range of organic 
materials to biogas fuel (Angelidaki et al., 2009). The energy collected from anaerobic 
digestion is considered to be renewable and environmentally friendly, due to organic 
substrates acting as the precursors for fuel production (Wang et al., 2015). At present, 
industrial anaerobic digestion is most commonly operated to produce a biogas, which is 
rich in methane and CO2. However in recent years there has been increased interest 
from the scientific community in preceding anaerobic digestion with a dark 
fermentation stage, to form a two-stage process (Giordano et al., 2011; Mamimin et al., 
2015; Massanet-Nicolau et al., 2013; Pakarinen et al., 2009). The process of dark 
fermentation is also able to utilise a vast array of organic materials, although the end 
products differ to anaerobic digestion and are H2, CO2 and volatile fatty acids (VFA) 
(Reilly et al., 2014).  
A number of investigators have examined if overall energy yields can be increased from 
using two-stage systems using a variety of substrates. Kim et al., (2013) observed a 
59.4% higher energy yield from two-stage digestion of co-digested untreated rice straw 
mixed with sewage sludge, compared to when single-stage anaerobic digestion was 
operated. Liu et al., (2014) reported an average increase in energy yield of 26% over 
single-stage digestion, when two-stage digestion of steam-exploded cornstalk was 
tested. Yang et al., (2011) performed two-stage digestion on micro algal biomass 
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residues and measured a 22% increase in biomethane production compared to single-
stage anaerobic digestion. This was in addition to 46 mL-H2 g-VS-1 which had already 
been achieved in the dark fermentation stage. Pakarinen et al., (2009) investigated two-
stage H2 and CH4 production from grass silage. The authors found that 8% more 
methane was obtained from operation of two-stage compared to using a single-stage 
process, when raw grass silage was fed. In addition, the dark fermentation stage was 
able to produce 5.6 mL-H2 g-VS-1. Pakarinen et al., (2011) compared single-stage 
anaerobic digestion and two-stage batch digestion of HCl pre-treated, water extraction 
pre-treated and untreated maize. The overall energy generated from two-stage yields 
was reported to be 27%, 9.2% and 7.1% higher than from single-stage comparisons, 
respectively. In a direct comparative study of single-stage and two-stage anaerobic 
digestion of a lignocellulosic feedstock (the wheat milling industry co-product, wheat 
feed) the two-stage anaerobic digestion was found to increase the energy yield by 37% 
compared to single-stage anaerobic digestion (Massanet-Nicolau et al., 2013). 
Even though multiple studies have suggested that two-stage processes provide 
advantages, a number of studies have also reported similar or even better energy yields 
from single-stage anaerobic digestion. These variations are particularly apparent from 
results recently published by Schievano et al., (2014) in which two-stage yields were 
only significantly greater than single-stage comparisons in close to 50% of cases 
considered. Kaparaju et al., (2009) reported in their study that the yields from single-
stage anaerobic digestion and two-stage digestion of hydrolysate from thermally pre-
Patterson et al., (2013) 
recommended the use of single-stage anaerobic digestion of food waste because their 
Page 4 
 
life cycle analysis found that it was more energetically efficient than using a two-stage 
process. 
There is a significant amount of evidence that can be found in the literature which 
favours the operation of two-stage processes (Massanet-Nicolau et al., 2013). However, 
an exhaustive explanation for why higher energy yields are possible from two-stage 
systems remains elusive. One proposal is that the conversion of VFA in the 
methanogenesis-stage is more efficient than in single-stage anaerobic digestion (Liu et 
al., 2006). Alternatively, Massanet-Nicolau et al., (2013) hypothesised that the 37% 
increase in energy yield which they achieved by using a two-stage system was because 
the dark fermentation stage limits the conversion of substrate in metabolic pathways 
which would otherwise compete with methanogenesis.  
Due to the small footprint and low cost of equipment a large number of anaerobic 
digestion experiments have been completed using batch type methodologies rather than 
continuous operation (Angelidaki et al., 2009). In single-stage batch experiments it is 
common practise to load inoculum and substrate based on VS ratios (Devlin et al., 
2011; Pakarinen et al., 2011, 2009). Therefore, the influence of the VS ratio of 
inoculum to feed substrates on single-stage biomethane production has been commonly 
investigated during batch tests (Raposo et al., 2009; Liu et al., 2009; Eskicioglu & 
Ghorbani 2011; Alzate et al., 2012; Dechrugsa et al., 2013). Alternatively, in two-stage 
batch studies a constant volume of methanogenic inoculum has often been used for 
biomethane production (Cheng and Liu, 2012; Giordano et al., 2014; Kim et al., 2013; 
Pakarinen et al., 2009; Xie et al., 2008; Yang et al., 2011). Typically predetermined 
volumes of dark fermentation effluent and methanogenic inoculum are mixed to initiate 
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methanogenesis in two-stage experiments (Giordano et al., 2011; Kim et al., 2013; 
Pakarinen et al., 2011, 2009; Wang et al., 2015; Yang et al., 2011). For single-stage 
controls the same volume of methanogenic inoculum is added to feed substrate in a 
separate bioreactor and then H2O is used to make up the remainder of the working 
volume (Kim et al., 2013; Pakarinen et al., 2011, 2009; Yang et al., 2011). In both 
single-stage and two-stage batch tests the specific yields from feed substrates are often 
calculated by subtracting any residual biogas produced from inoculum controls, which 
are commonly termed blanks  (Cheng and Liu, 2012; Devlin et al., 2011; Giordano et 
al., 2011; Kim et al., 2012; Pakarinen et al., 2011, 2009). These blanks are setup using 
the same volumes of dark fermentation and methanogenic inoculum, with the volume of 
the feed substrate being replaced with H2O.  
Therefore, in two-stage batch experiments the biomethane bioreactors contain elements, 
which are derived from methanogenic inoculum, dark fermentation inoculum and feed 
substrates. In comparison the single-stage methanogenic batch bioreactors commonly 
contain methanogenic inoculum, feed substrate and are diluted with H2O to compensate 
the working volume. The novel aim of the current study was to compare the influences 
on biomethane yields between the carryover of dark fermentation inoculum or the 
addition of H2O to the BMP tests. This work was carried out to investigate if there is a 
need to control for the presence of dark fermentation inoculum which is carried over 
into methanogenesis during two-stage batch studies. Furthermore the dilution of single-
stage batch anaerobic digestion with H2O was investigated to determine if this can limit 
potential biomethane yields. These contributions to knowledge are particularly 
important to consider when designing a batch methodology to compare substrate yields 
between single-stage and two-stage anaerobic digestion.  
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2. Materials and Methods  
2.1 Raw materials 
Sucrose was obtained from Sigma Aldrich (84100-1KG, Sigma Aldrich Company Ltd., 
UK). High purity cellulose microcrystalline powder was also acquired from Sigma 
Aldrich Company Ltd., UK (435236-1KG). Sucrose was used as a control for dark 
fermentation experiments (Reilly et al., 2014). Cellulose was used as a control and feed 
substrate in biomethane experiments (Reilly et al., 2015). The sewage sludge used to 
inoculate dark fermentation and anaerobic digestion was collected from a local sewage 
treatment works (Cog Moors, UK). The Cog Moors anaerobic digester was fed sewage 
sludge and was operated at 35oC with a hydraulic retention time of 16 days. Before use 
the sewage sludge was put through a 500 m sieve to ensure homogeneity. 
During Experiment A, fresh inoculum was collected on 12 separate occasions from 
March 2013 to October 2014. Two further collections of inoculum (B1 & B2) were used 
for Experiment B. Inoculums B1 and B2 were used when the initial pH of the dark 
fermentation stage was adjusted to pH 6.25 and 7. A summary of the characteristics of 
the sewage sludge inoculum after sieving is presented in Table 1. 
2.2 Biomethane potential (BMP) tests 
BMP tests were completed according to the method of Reilly et al., (2015). Each 
bioreactor consisted of an airtight 600 mL glass duran bottle, which was continuously 
stirred by an over-head motor (connected to a sealed impeller). The bottles were purged 
with 300 mL of N2 before being placed in a 35oC water bath for a period of 30 days. 
During Experiment A the amounts sieved inoculum and cellulose were kept at a VS 
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ratio of 1.5:1 unless otherwise stated. Deionised water (diH2O) was used when required 
to top up the working volume in the BMP bioreactors to 500 mL. Experiment B tested 
the influence of sewage sludge inoculum, which is carried over from dark fermentation 
stage, on single-stage BMP from cellulose. Table 2 presents the contents of bioreactor 
used for BMP tests in Experiment B.  
All sets of conditions for BMP tests were set-up in triplicate, with the exception of two 
cellulose controls used for Experiment A, which were taken from Reilly et al., (2015) 
when duplicate controls had been completed in some cases. In both of Experiments A 
and B blank bioreactors were setup, which contained the same volume of methanogenic 
inoculum, but without the addition of either cellulose or dark fermentation effluent. 
These methanogenic inoculum-only blanks were also topped up to 500 mL with diH2O.  
2.3 Generation of dark fermentation effluent 
Dark fermentation was carried out using a method adapted from Reilly et al., (2014). In 
brief, the sewage sludge was heated in a 15 psi pressure cooker for 60 minutes. Heat-
treatment was applied to suppress methanogenesis and select for spore-forming 
clostridia which produce biohydrogen. 2 g-VS of the heat-treated inoculum was added 
to each bottle and topped up to 500 mL with diH2O. CO2 gas was bubbled through the 
bioreactor to adjust the pH of the working volume to either 6.25 or 7. CO2 was also used 
to create anaerobic conditions in the headspace as per Reilly et al., (2014). The dark 
fermentation experiments were operated at 35oC for 44 hours in the same bioreactor 
equipment which was used in the current study for the BMP testing i.e. continuously 
stirred and air-tight 600 mL glass bottles. Dark fermentation bioreactors which 
contained 2.5 g-VS of sucrose were setup as triplicate positive controls.  
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All sets of conditions used for inoculum-only dark fermentation blank experiments were 
completed in quadruplicate to provide the amount of sample required for addition to 
cellulose BMP tests and non-cellulose blanks in Experiment B (Table 2). The 
quadruplicate of inoculum-only blank dark fermentation bioreactors were pooled. This 
was performed to minimise any uncontrolled experimental error, when assessing the 
effects of adding effluent from dark fermentation inoculum to BMP tests.  
2.4 Analytical methods 
Biohydrogen and biomethane production were continuously monitored using wet-tip 
flow meters and NaOH CO2-scrubbing as per Reilly et al., (2014) and Reilly et al., 
(2015), respectively. Gas composition in the bioreactor headspace was analysed by gas 
chromatography, using the same methodology as Devlin et al., (2011). Specific gas 
production was attributed to cellulose and sucrose by subtracting the gas produced from 
the sewage sludge inoculum blanks. All values for gas yields were normalised to 20oC 
and 1 atm. Gas yields are presented in terms of per gram of VS.  
The pH of the inoculums and bioreactor contents were determined using a Mettler-
-Toledo Ltd., UK). A 2-point calibration was 
carried out prior to each use of the pH probe using standards of 4.01 (51302069, 
Mettler-Toledo Ltd., UK) and 7 (51302047, Mettler-Toledo Ltd., UK). Total solids and 
VS were calculated according to the standard method procedure (APHA, 1989). VFA 
concentrations of acetic, propionic, i-butyric, n-butyric, i-valerate and n-valerate were 
measured using the method outlined by Cruwys, et al., (2002). All measurements of 
chemical composition were carried out in duplicate and the mean average taken for each 
parameter.  
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3. Results and Discussion  
3.1 The influence of the volume of anaerobic digester inoculum on BMP yields 
from cellulose (Experiment A). 
Fig. 1 shows the BMP yields from anaerobic digestion of cellulose and the residual 
biomethane production from each sewage sludge inoculum blank. The volume of 
inoculum used was determined by the VS concentration in the feedstock being trialled 
at the time, alongside each cellulose control. It is important to note that there is no 
relationship between the volume of sewage sludge used for the BMP test and the order 
of data collection. 
The data presented in Fig. 1 suggests that an upward trend exists between the BMP 
yield from the cellulose and the volume of methanogenic sewage sludge inoculum, 
which is initially incorporated into the digester total working volume. Alternatively the 
dilution of the process with H2O may cause the final BMP yield from cellulose to 
decrease, this will be discussed later. 
Step-wise increments in average biomethane yield from cellulose were observed when 
the volume of sludge inoculum was increased between 63 mL and 400 mL. Across the 
entire range of inoculum volumes used for the BMP tests, the biomethane yields from 
cellulose varied between 260 ± 8 NmL-CH4 g-VS-1 and 392 ± 18 NmL-CH4 g-VS-1. 
These lowest and highest yields from cellulose were obtained when 63 mL and 400 mL 
of sludge inoculum were used, respectively. Even though the average biomethane yield 
from cellulose was reduced by as much as 132 ± 26 NmL-CH4 g-VS-1 when the volume 
of inoculum was lowest, no accumulation of VFAs resulted throughout data collection 
for Fig. 1. This absence of VFA accumulation indicates that digester overloading was 
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not responsible for the observed reduction in biomethane yields. The maximum range 
between the average residual biomethane yields from the blank controls throughout 
Experiment A was 27 ± 6 NmL-CH4 g-VS-1. This small range and the absence of any 
obvious trends in residual biogas yields show that the source of inoculum remained 
sufficiently consistent (Fig. 1). 
The Experiment A data set includes the use of 200 mL volumes of sewage sludge 
inoculum when applying inoculum:substrate VS loading ratios of 1.5 and 3.5. It can be 
seen in Fig. 1 that when the VS loading ratio was changed, whilst keeping the volume 
of inoculum constant, the average biomethane yields from the cellulose control 
substrate remained similar (with an average difference of 20 ± 9 NmL-CH4 g-VS-1). 
This similarity supports a hypothesis that the apparent variations in cellulose yields in 
Fig. 1 were directly related to the volume of sludge inoculum rather than 
inoculum:substrate VS loading ratio. It is also worth noting that at the higher inoculum 
VS loading ratio of 3.5:1 more nutrients would have been available per g of cellulose 
added, than when using a ratio of 1.5:1 (Wan et al., 2011). This provides evidence that 
total nutrient availability was not responsible for limiting biomethane yields. One 
possible hypothesis is that when the inoculum is diluted, a greater amount of the carbon 
substrate is fixed into microbial biomass. The dilution could provide an unoccupied 
niche which triggers a greater ratio of cells to fix the substrate carbon into new growth 
of biomass.  
The influence of initial inoculum volume could be contributing to some of the variations 
in BMP yields which have been previously reported from similar feedstocks (De la 
Rubia, et al.,2011). The results presented here suggest that in order to achieve maximum 
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yields from single-stage BMP tests, extensive dilution of sewage sludge digester 
inoculum should be avoided. Although the current study shows that biomethane yields 
can be influenced by the volumetric ratio of inoculum to working volume, from the 
results there is no evidence to suggest that a relative comparison between single-stage 
BMP from substrates  fairly. However based on the current study it can be 
recommend that the volume of inoculum used should remain consistent when making 
such comparisons. The results of Experiment A raise the following question. How does 
the inevitable carryover of inoculum from dark fermentation in a two-stage batch study 
influence the biomethane production stage? 
3.2 The influence of dark fermentation inoculum-only blank effluent on single-
stage BMP yields from cellulose (Experiment B)	
The results from Experiment A showed that the volume of anaerobic digestion sewage 
sludge, used to inoculate single-stage BMP tests can influence the biomethane yields 
when using cellulose as a substrate. Further experiments were subsequently designed to 
investigate if the selection of a biohydrogen producing microbial consortium (by heat-
treatment) and dark fermentation changes the effect of the sewage sludge inoculum on 
methanogenic yields. Additionally, the influence of varying the volume of 
methanogenic sewage sludge, on the biomethane yields from cellulose, was re-
examined simultaneously while using the same sample of inoculum.  
3.2.1 Dark fermentation of sucrose and inoculum-only blank 
Any biohydrogen production from the inoculum-only blank dark fermentation reactors 
was below the wet-tip flow meters detectable limits (less than 12 mL). This was not 
unexpected as the absence of gas flow from the inoculum-only blanks was reported 
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previously by Reilly et al., (2014). Observations by Reilly et al., (2014) led to the 
premise of incorporating the sucrose-fed controls in to the current study for 
confirmation that heat pre-treatment and dark fermentation of the inoculum were 
reliable. The level of biohydrogen production from the sucrose-fed dark fermentation 
reactors is illustrated in Fig. 2. At the end of the batch biohydrogen fermentation, 
analysis of the final bioreactor headspace gas composition detected no presence of 
methane. This absence of methane confirmed that methanogenesis was inhibited by the 
heat pre-treatment of the inoculum. The average biohydrogen yields from sucrose were 
almost identical, being 228 ± 15 NmL-H2 g-VS-1 and 227 ± 18 NmL-H2 g-VS-1 when 
the initial fermentation pH had been adjusted to 6.25 and 7, respectively. A close 
similarity of the sucrose yields with those reported by other investigators (generally 
between 185 mL-H2 g-VS-1 and 262 mL-H2 g-VS-1) illustrates that the preparation of 
inoculum and dark fermentation methodology used here, are not untypical of those 
applied by the wider research community (Chen et al., 2006; Mu et al., 2006; Zhang et 
al., 2005).  
Table 3 summarises the chemical characteristics of the effluents from dark fermentation. 
In all cases the average pH dropped during the 44 hour dark fermentation period. The 
results show that the decline in pH was greater in the sucrose fed bioreactors than in the 
inoculum-only blank reactors. In the sucrose reactors the pH declined to 4.39 and 4.47, 
while the pH in the inoculum-only blank reactors declined to 6.12 and 6.72, after 
starting the dark fermentation process at 6.25 and 7, respectively. This decline in pH has 
been well documented and can be explained by the large enhancement in the 
concentrations of acetic and butyric acids which result from the conversion of the sugar 
to VFA during dark fermentation (Chen et al., 2006; Liu et al., 2006; Mu et al., 2006; 
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Zhang et al., 2005). Total VFA concentration after dark fermentation was 4.65 times 
higher on average when sucrose was fed to the inoculum (Table 3). VS contents in the 
bioreactors decreased during dark fermentation. The content of the sucrose fed 
bioreactors the overall concentration of VS declined from 9 g-VS L-1 to 6.64 ± 0.90 and 
6.76 ± 0.13 g-VS L-1, during dark fermentation started at pH 6.25 and 7, respectively. 
The final VS concentrations in the blank reactors containing inoculum-only decreased 
from 4 g-VS L-1 to 3.79 ± 0.07 and 3.72 ± 0.14 g-VS L-1 after beginning the dark 
fermentation at pH 6.25 and 7, respectively. 
3.2.2 Biomethane production from cellulose 
The data displayed in Fig. 3 confirms that increasing the volume of methanogenic 
inoculum raises the average biomethane yield from the single-stage anaerobic digestion 
fed on cellulose. When 200 mL of sewage sludge methanogenic inoculum was diluted 
and used in the 500 mL total working volume, the yield from cellulose was 342 ± 12 
NmL-CH4 g-VS-1. In comparison, the bioreactors, which contained 500 mL of undiluted 
sewage sludge methanogenic inoculum, achieved an 11.4% higher average yield of 381 
± 22 NmL-CH4 g-VS-1.  
Two batches of fresh sewage sludge inoculum (B1 & B2) were used in Experiment B, 
one for each initial pH that was applied during the generation of dark fermentation 
effluent. Therefore the biomethane production from cellulose, with 200 mL of 
methanogenic inoculum added, was used as methanogenesis controls. In Fig. 4 it can be 
seen that the average specific biomethane production (342 ± 12 NmL-CH4 g-VS-1 and 
343 ± 26 NmL-CH4 g-VS-1) from cellulose is very similar between these controls. Such 
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a close similarity infers that the comparisons made between changing the pH at the 
beginning of the dark fermentation process are reliable. 
The addition of effluent from the inoculum-only blank dark fermentation process 
increased the specific biomethane yield during the single-stage digestion of cellulose 
(Fig. 4). Due to the introduction of inoculum, which had been conditioned for 
biohydrogen production, the gas flow was regularly tested for H2 in the initial stages of 
the BMP tests. Periodic testing of the gas composition in the bioreactor headspace 
confirmed the occurrence of methanogenesis from the start of the BMP test. By adding 
300 mL of dark fermentation effluent (instead of diH2O) to the single-stage anaerobic 
digestion, the specific biomethane yield attributed to cellulose was enhanced by up to 
18.8%. Although the highest increase in specific biomethane yields were observed when 
the production of dark fermentation effluent had been initiated at pH 6.25, a 7% 
increase in the biomethane yield from cellulose was also recorded when the starting pH 
of the dark fermentation was 7.  
Final pH values for the digestates at the end of all BMP tests were between 6.94 and 
7.39 throughout Experiment B, within the range that methanogenesis proceeds 
uninhibited (Lay et al., 1997). Furthermore, no accumulation of VFA was found in the 
BMP bottles and therefore digester overloading did not occur (Massanet-Nicolau et al., 
2013). Hence, the precise reason for why specific biomethane yields were found to be 
greater after increasing the volume of sewage sludge inoculum either directly or via 
dark fermentation, remains unexplained. Nevertheless, the results collected in the 
current study suggest that the typical batch methodologies which have been previously 
used to compare energy yields between single-stage and two-stage anaerobic digestion 
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may favour two-stage processes. This is because the single-stage has often been diluted 
with H2O to standardise the working volumes between methanogenesis of dark 
fermentation effluent or anaerobic digestion of the initial feed substrate (Kim et al., 
2013; Pakarinen et al., 2011, 2009; Yang et al., 2011). While it has been shown here 
that diluting the concentration of digester inoculum can decrease the biomethane yield 
from feed substrates in a single-stage BMP test, the results also demonstrate that the 
carryover of inoculum from dark fermentation can be beneficial for the methanogenesis 
process. Therefore it important for the research community to reconsider how gas yields 
are specifically attributed to feed substrates in two-stage batch studies. 
The findings reported here suggest that in batch studies where the two-stage specific 
yields have been reported to be higher than those from single-stage are a systematic 
over-estimation. The two-stage improvement in yields in these cases may have been 
significantly reduced or even non-existent, had an additional amount of the source of 
inoculum been added to the single-stage comparison. Further work is required to further 
test this hypothesis and more research is needed to fully describe the mechanisms 
behind the effect of sewage sludge concentration on the specific BMP yields. However, 
the influence of sewage sludge concentration should be considered when making design 
decisions based only on batch study data and suggests if possible all design or economic 
decisions should be based on continuously operated reactors in either continuously fed 
or fed batch mode.  
When conducting batch studies, it is recommend that investigators should include 
controls such as those in this study, which account for influences of the carryover of 
inoculum from the dark fermentation stage into the methanogenesis stage. In addition 
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both single-stage and two-stage batch tests should be optimised before being compared, 
as suggested by Schievano et al., (2014). Furthermore, we advise that BMP 
measurements, without the addition of H2O to either the inoculum or feed substrate, 
should be included when seeking to optimise the single-stage BMP.  
4. Conclusions 
Carryover of sewage sludge inoculum from dark-fermentation increased single-stage 
biomethane production from cellulose. This is a significant finding, because increasing 
the concentration of methanogenic sewage-sludge inoculum in methane batch digestion 
also improved biomethane yields. As far as the authors are aware, this is a phenomena 
which has not previously been controlled for in any reported single-stage vs. two-stage 
comparative batch studies to date. Therefore there is the potential for experimental bias 
in favour of two-stage systems in experiments where H2O has been added to standardise 
the working volume of the single-stage anaerobic digestion comparison.  
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Tables and figure legends 
 
Table 1. The chemical characteristics of freshly collected anaerobic sewage sludge 
inoculums for experiments A, B1 and B2. Values represent averages of triplicate 
independent repeats ± standard deviations. 
 
Table 2. The bioreactor contents for single-stage biomethane potential tests in 
Experiment B. Each bioreactor was also set-up without the addition of cellulose to 
provide inoculum-only blank measurements. 
 
Table 3. The characteristics of dark fermentation effluent from sucrose-fed and 
inoculum-only blank bioreactors initiated a pH 6.25 or 7.  
 
Fig. 1. Specific biomethane production from single-stage anaerobic digestion of 
cellulose and the sewage sludge inoculum used for blanks. The ratios indicate 
volatile solid (VS) addition of inoculum to cellulose. In all cases the total working 
volume was 500 mL with error bars represent ± standard deviation. 
 
Fig. 2. Biohydrogen production from sucrose controls when dark fermentation was 
initiated a pH 6.25 and 7.  
 
Fig. 3. Average biomethane potential from cellulose in bioreactors containing 200 
mL or 500 mL of sewage sludge methanogenic inoculum (MI) in a 500 mL total 
working volume. Average gas production from MI has been subtracted at 
corresponding time points.  
 
Fig. 4. Average biomethane potential from cellulose in single-stage bioreactors 
with and without the addition of dark fermentation effluent (DFE). All bioreactors 
had a working volume of 500 mL. Dark fermentation of inoculum-only blanks was 
initiated at pH 6.25 or 7 to produce DFE. Average gas production from 
methanogenic inoculum (MI) and DFE has been subtracted at corresponding time 
points. Two collections of sewage sludge inoculum were used (B1 & B2). 
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Parameter Experiment (Number of inoculum collections) 
A (12) B1 (1) B2 (1) 
Total Solids (%) 3.32 ± 1.10  3.17 ± 0.01 3.26 ± 0.02 
Volatile Solids (%) 1.8 ± 0.50   1.6 ± 0.03 1.7 ± 0.02 
pH 7.33 ± 0.06 7.32 ± 0.00 7.33 ± 0.00 
 

Sewage sludge 
inoculum 
Effluent from dark 
fermentation of inoculum-
only blank 
(mL  initial pH) 
Methanogenic 
inoculum (mL) 
diH2O 
(mL) 
Cellulose  
(g-VS) 
B1 300  6.25 200 0 2.22 
B1     0  - 500 0 2.22 
B1      0  - 200 300 2.22 
B2 300  7 200 0 2.27 
B2      0  - 200 300 2.27 
 

 Parameter Sucrose-fed    Inoculum-only blank 
  6.25 7 6.25 7 
Final pH 4.39 ± 0.02 4.47 ± 0.03 6.12 ± 0.05 6.72 ± 0.04 
Dry solid (%)  0.85 ± 0.08 0.89 ± 0.10 0.59 ± 0.00 0.58 ± 0.01 
Volatile solid (%) 0.66 ± 0.09 0.68 ± 0.13 0.38 ± 0.00 0.37 ± 0.01 
Acetic acid (mg/L) 593 ± 59 588 ± 10 256 ± 10 232 ± 4 
Propionic acid (mg/L) 27 ± 5 25 ± 4 42 ± 2 39 ± 4 
i-Butyric acid (mg/L) 12 ± 6 10 ± 3 35 ± 3 32 ± 5 
n-Butyric acid (mg/L) 1328 ± 17 1323 ± 65 42 ± 11 38 ± 6 
i-Valeric (mg/L) 16 ± 7 14 ± 3 56 ± 2 52 ± 4 
 

